This paper focuses on model development for computer analysis of the thermal behavior of an externally driven spindle. The aim of the developed model is to enable efficient quantitative estimation of the thermal characteristics of the main spindle unit in an early stage of the development process. The presented work includes an experimental validation of the simulation model using a custom-built test rig. Specifically, the effects of the heat generated in the bearings and the heat flux from the bearing to the adjacent spindle system elements are investigated. Simulation and experimental results are compared and demonstrate good accordance. The proposed model is a useful, efficient and validated tool for quantitative simulation of thermal behavior of a main spindle system.
Introduction
The accuracy of a machine tool is influenced by its static, dynamic and thermo-elastic behavior [1] . The influence of a machine tool's thermal behavior on the machining process accuracy and repeatability has been the focus of research since the 1960s [2] . Main spindle systems contribute significantly to the final workpiece accuracy. The thermal properties of the main spindle unit as well as its rotational accuracy and static and dynamic stiffness affect the accuracy of the manufactured part. Advances in mechatronics have led to a higher precision of machine tools. However, the predictability of the thermal stability of machine tools becomes more critical, especially to avoid costly design modifications in latter stages of machine development based on experimental studies [3] . Due to the significance of the main spindle's thermal behavior on machine tool manufacturing accuracy, a good understanding of the thermal interaction among different spindle components in practical spindle systems is required [4] .
The spindle system's overall behavior strongly depends on the design and structure of the employed components. Particularly, the behavior of high-speed spindles can vary significantly according to the direction or arrangement of its components. For example, the arrangement of bearing sets, motor placement and motor coolant jackets in the housing, fits between bearings, housing design and bearing preload mainly influence the spindle behavior during high speed operation.
Spindle bearing friction is the main reason for bearing heat generation, which limits the maximum achievable spindle speed. As speed increases, there is an increase in generated heat in the bearings, the motor and the cutting surface. This additional heat causes thermal expansion. The amount of heat generated in the bearing should be estimated within the design process in order to choose the proper types of bearings and drives.
Angular contact ball bearings are most widely used for high speed spindles due to their properties under high speed conditions [5] . The bearings outer ring temperature is commonly used to detect early bearing failure, since expansion causes increased bearing loads and can lead to seizure [6] .
Therefore, it is important to include the spindle's and bearing's thermal effects on the prediction of the overall response at elevated rotational speeds. The thermal models of bearing and spindle must be combined to provide a comprehensive representation of the heat transfer mechanisms.
Many attempts have been made to model the thermal behavior of the spindle and bearings for more than 60 years [7] . The Finite Element Method (FEM) is widely used to formulate the thermo-mechanical model of the bearing and spindle system [8] - [10] . The FEM models include the dynamic stiffness of the bearings, contact forces, temperature distributions and thermal expansions. The main drawback of this method is that it cannot be applied and adapted to different types of systems and conditions of operation in an efficient and fast manner. Besides, the standard software does not incorporate the models for numerical estimation of heat generation in the bearings and requires a lot of preparatory work [10] .
In order to achieve a better understanding of the thermal behavior of the main spindle and its influence on the surroundings, it is not sufficient to use specially designed test rigs for the testing of individual spindle components. Beyond that, an examination of the entire spindle system is required. For this reason a custom-designed modular test rig was built. Different machine tool spindles can be operated on this test rig under a variety of testing conditions. During the early stages of design and as a part of the comprehensive effort to define the error caused by thermal expansion due to spindle operation, a thermal model of the spindle system was developed, following the purpose of increasing the efficiency of evaluating the thermal behavior of such spindle systems. Using the model and software developed, a fast numerical evaluation of the effect of machining operation parameters on the heat transfer mechanism within the main spindle system was obtained.
For the purpose of model validation, an experimental study was conducted using a custom-built test rig. In this paper the test rig configuration and experimental work for the externally driven spindle's thermal behavior are investigated. In this spindle as a special case study, the only heat generation sources are the bearings. The experimental work is followed by modelling and simulation of the thermal behavior of the spindle system using Wolfram Mathematica ® software.
Simulation Model Development
The purpose of the spindle bearing model is the calculation of heat generation, heat transfer and temperature distribution over the spindle and housing elements. The developed model is coupled with the thermal models of the bearing to obtain a thermal response of the whole spindle system. The following assumptions were made [6] :
• Shaft and housing are assumed to be radially axisymmetric about the centerline of the spindle.
• The primary analysis will be one-dimensional in the axial direction. Radial heat loss in the housing will also be considered.
• Any heat generation (or cooling) is assumed to occur at the bearing contact zone, the center of the spindle (as in a centrally located motor), or the tips of the spindle (cutting heat and motor heat). Although there are many simplifications, this heat transfer model can be used to examine the temperature fields in the bearings, housing and spindle shaft by examining the actual spindle bearing assembly. Without loss of generality, the proposed heat transfer model is developed based on an externally driven grinding spindle with maximum spindle speed of 7000 rpm and a bearing bore diameter of 85 mm.
Bearing Heat Generation
The externally driven grinding spindle investigated in this research is assembled with sealed universal bearings with small steel balls. Figure 1 illustrates the basic method used for defining heat transfer through the spindle and housing.
The heat is mainly generated in the contact between bearing raceways and balls due to frictional losses and rolling friction, influenced by speed, preload and lubricant. The cutting process is also a heat source. All three types of heat are the result of rotating motion and they are calculated from torque and speeds. The equation combining all three sources of heat is [8] :
where brg q is the heat flux from the bearing, l , v and s stand for load, viscosity and rotational speed, respectively. All three types of heat are generated at the contact between the ball surfaces and bearing raceways. Prior to the solution of thermal steady-state behavior, bearing heat generation must be calculated. According to Palmgren [7] and Harris [11] , the total friction torque in the bearings is related to load, viscosity and rotational speed. By replacing the bearing loading forces with bearing contact loads expressions, the equations for inner and outer rolling resistance torque,
, related to load and viscosity at each ball can be expressed as [6] : 
It is assumed that for grease lubrication all heat generation enters the combined ball/ring network. The overall bearing heat generation is the summation of the contact heat generation at the inner and outer rings [8] . The housing will experience the heat generated from the outer ring e H , while the spindle shaft receives heat generation from the inner ring
where b N is the total number of balls in the bearing. The Hertzian contact theory is used in this study to compute the contact loads i Q , e Q between bearing balls and bearing rings. The Hertzian inner and outer contact loads for each ball are shown in  . Due to the external forces applied to the bearings, displacements appear within the inner and outer rings and the distance between the curvature centers of the bearing rings change, as shown in Figure 3 [14] . The relative displacement between the inner ring and the outer ring can be expressed as:
where d B is the distance between the curvature centers of the inner and outer rings before deformation of the bearing and can be represented as:
As shown in Figure 3 , where k is the ball index. ik ∆ and ok ∆ can be expressed as:
The following relations are derived from 
where ck F and gk M are the centrifugal force and gyroscopic moment, respectively [14] . The displacement equations for the bearing ball as shown in Figure 3 can be expressed as [14] :
, N is the total number of balls in the bearing, θ is the initial contact angle, ik U , ik V in Equation (14) will be:
ic r in Equation (16) is the radius from the bearing center to the inner ring curvature center shown in Figure 2(a) .
must be obtained by solving Equations (13), (14) iteratively using the approach [14] :
, , ,
is the error vector and should converge to a specifically defined small value. The coefficients matrix ij     a can be expressed as:
The elements of the error vector { } k ε are: 
The bearing's contact loads ik Q , ok Q in Equation (7) are obtained using the calculated values of { } k δ . The bearing heat generation can be computed by Equations (2)-(6) using the calculated variables values. Knowing the bearing heat generation quantity, we can move forward to the thermal model of spindle and housing.
Spindle and Housing Thermal Model
The developed model is based on representing the spindle and the housing using axisymmetric thermal resistance elements. For the solution, the input parameters are: geometry, material parameters, air temperature, heat generation due to the bearings and initial temperature of the system. The thermal resistance is calculated for each housing and spindle element. Linear thermal resistance is defined according to the following equation [6] :
where L is the element length, K is the material thermal conductivity and A is the cross-sectional area. Figure 4 shows the bearing geometry and temperature nodes definition as well as the bearing heat transfer model. The externally driven spindle is grease lubricated. With grease-packed lubrication, heat convection is less significant and conduction is more prominent. The radial heat transfer through the spindle, rolling element and housing is described similar to the thermal resistance network described by Jorgensen [6] and is shown in Figure 4 . 
Bearing Heat Transfer Model
The heat transfer equations use temperatures at the edge of the inner and outer rings as boundary conditions. As an alternative solution method, the outer ring temperature can be easily measured and applied to the solution, allowing the housing approximations to be ignored. Steady state outer ring temperatures can be used to provide a reference point for the thermal equations [6] . The matrix form of the heat transfer equations can be expressed as:
where [ ] 
The resistance matrix elements, bij R as well as the expressions for the generated heat can be found in Appendix B. Solving Equation (22) T . Although the heat transfer equations are approximations, sufficient accuracy is attainable for thermal expansion predictions [6] .
Housing Heat Transfer Model
The housing heat transfer model based on quasi-two-dimensional analysis of heat flow is shown in Figure 1 . The geometry parameters are shown in Figure 5 . The four unknown nodal points' temperatures, oA Figure 1 , were calculated by applying axial and radial conduction and convection resistance elements. The radial and axial resistances for an element can be expressed as:
where h r and o r are the outer (housing) and inner (housing) element radius. L is the element length, h k is the housing element thermal conductivity and air k is the heat convection coefficient in air. The first part in Equations (24) and (25) is the radial and axial conduction resistance, respectively. The second part in Equations (24) and (25) is the radial and axial convection resistance. The second parts will be equal to zero if there are no free 
Spindle Shaft Heat Transfer Model
As shown in Figure 6 , the spindle shaft is represented by a nine resistance element model. By applying the same matrix notation as above, the matrix notation of the heat generation balance is obtained:
All matrix and vector elements presented in Equation (30) are expressed in Appendix D. By solving the set of Equation (30), the temperature values in six points of interest along the spindle shaft centre are obtained.
Experimental Setup for Spindle System Analysis
The configuration of the test rig used for experimental investigations of an externally driven spindle is shown in Figure 7 and Figure 8 . An air-cooled asynchronous motor is connected via an elastomer coupling to the spindle. In addition to the original spindle housing two adjacent outer housings were used to mount the spindle on to the test rig.
The motor, friction in the bearings and the cutting process are the main causes of heat generated by the spindle system during machining operation. The motor is cooled using air flow in the direction from the drive end of the motor to the non-drive end. By assuming that most of the cutting heat is taken out by the coolant and that the heat generated by the motor in the configuration shown in Figure 7 and Figure 8 is kept away from the machine tool spindle, it follows that the heat generated by the bearings is the dominant heat source causing the thermal distortion of the spindle shaft. The motor's maximum continuous duty speed is 7000 rpm, with a rated power output of 12 kW. During machining operations such as external cylindrical rough grinding high cutting capacity is required, while during fine grinding a high standard of form and surface quality should be maintained. In order to achieve both mentioned requirements a high degree of rigidity and running accuracy as well as good damping and speed suitability are the main criteria for the spindle bearing arrangement. These requirements are met by the precision bearings assembled in the test spindle. Sealed universal spindle bearings with small steel balls (HSS) are used:
• at the tool end: 1 spindle bearing set, in double O arrangement (Tandem), as fixed bearings • at the drive end: 1 spindle bearing set, in O arrangement, as floating bearings
The employed contact angle of 15˚ is suitable for high radial rigidity. The universal design bearings are lightly preloaded. The sealed spindle bearings require no maintenance and are lubricated for life with roller bearing grease [5] .
Studying the heat flux mechanisms during spindle operation, the most interesting spindle elements are the spindle bearings, housing and shaft. In order to measure the temperature distribution in axial and radial direction and investigate the heat flux into the machine tool components adjacent to the spindle elements, the spindle system was divided into four cross-sections for temperature measurements. Figure 9 illustrates the measurement sections that were positioned at the bearings axial positions along the spindle system's rotational axis. In radial direction the sensors were positioned along the normal direction of the spindle's outer cylindrical surface, on circles of constant diameter, beginning from the outer ring of the bearing through the original spindle housing and the 1 st outer housing up to the 2 nd outer housing supporting the spindle as shown in Figure 10 . The data acquisition system enables simultaneous measurement, recording and display of the output temperatures from a total of 31 Pt-100 resistance temperature sensors attached in 4-Wire configuration. All 31 sensor positions are shown in Figure 10 and the wiring is shown in Figure 8 . As mentioned before, the only heat source within the spindle system, during the externally driven spindle operation in the configuration described above is the bearing friction. The heat generation of internal components as a function of spindle speed is only investigated using the test rig described. The research phase is applied in order to gain fundamental knowledge about the heat generation in the spindle system with less complexity. The next step of the investigations will include load-dependent heat generation and heat flux as well as the motorized spindle system's thermal behavior.
Spindle System Thermal Behavior-Experimental Study
The thermo-elastic behavior of a machine tool is strongly nonlinear and has to be modelled for several operating points. Hence, the speed spectrum has to be divided into several sections, each having its own operating point [2] . Sensitivity analysis under variety of operating modes has been designed and carried out. The spindle speed spectrum up to 7000 rpm is divided into seven operating points starting at 1000 rpm with steps of 1000 rpm. The duration of a single step was chosen to be 4 h. The sensor area with the highest temperature in each measurement section was the one located on the bearing outer ring. Figure 11 illustrates the highest measured temperature obtained at spindle speeds from 1000 to 7000 rpm. The sensors mounted in Section 2 present the highest temperature over all spindle speeds. Figure 12 illustrates the steady state temperatures measured in the sections mentioned above according to 3 sensor measurements in each section at 7000 rpm spindle speed. Sensor no. 205 mounted in section 2 at the position directly adjacent to the bearing outer ring. In this position the highest temperature (38.2˚C) was achieved. The second highest temperature, 35.4˚C, was measured by sensor no. 302 and 31.8˚C was measured by sensor no. 102. All 3 sensors mentioned above were mounted in touch with the bearing's outer ring in each section. As shown in Figure 10 , 16 sensors are mounted in Section 2. The graph in Figure 13 represents the temperature measured in 5 of the 16 different sensor positions in Section 2. All points across the section from the deepest measuring point, the outer bearing ring, through all 3 housing elements, to the outermost measuring point (sensor no. 204), were heated. Even the outmost point on the outer housing in the 2 nd section was affected by the heat generated due to the bearing friction.
By changing the spindle speed over the speed spectrum, from 1000 rpm to 7000 rpm, it is clear from Figure 14 that the highest rate of change in the maximum temperature occurs when the rotational speed is increased from 5000 to 7000 rpm. Figure 15 illustrates the influence of spindle speed on the measured temperature in Section 2, sensors no. 201 to 205. As already mentioned, the thermo-elastic behavior of the main spindle system in a machine tool is strongly nonlinear and has to be investigated and modelled in several simplifying steps. First, the thermal behavior of an externally driven spindle was investigated in order to verify and apply a simple simulation model, based only on the heat generated by the friction in the bearings. The heat flux from the bearings into several outer housings is investigated as well. By verifying the heat transfer from the inner bearings element to the outer housings, one is able to understand the heat flux mechanism and the influence of the heat generated in the bearings on the spindle-adjacent machine elements.
Numerical Simulations
Based on the model described in Section 2 and Appendices A to D, a simulation program was developed. The numerical computations as well as the graphical presentations and investigations were carried out using the Mathematica ® software [16] . Using the algorithm and software developed, numerical studies of the heat transfer mechanism and temperature variations along the external driven spindle system were made. Some simplifications were made in the simulation programs above. No motor and no external cutting load exists in this stage of the study, in order to enable the use of this model as a base line for further simulations including the cutting process effects and motorized spindle simulations.
Validation of the Simulation Model
Due to the fact that a commercial grinding machine spindle was used for the investigations, as described already in Section 3, in this stage of the experimental studies, we focused our experiments on the heat transfer mechanism from the bearings towards the outer housing elements as a function of spindle rotational speed. As stated, the spindle's original geometry, preload, lubrication viscosity, structure or functional elements can not be varied during the investigations. The simulation results are compared with the results obtained in the experimental stu-dies described in Section 4. The numerical simulations investigate the effect of operating conditions such as rotational speed (rpm), axial preload, lubricant viscosity, as well as geometrical parameters of the spindle system structural components. Comparison between measured temperatures at the housing outer surface, sensors 101, 201, 301 and 401, and simulated temperature along the axis of the spindle system in the bearings' positions is shown in Figure 16 and Figure 17 for different ranges of spindle rotational speeds.
From Figure 16 and Figure 17 it follows that there is a good fit between the simulation results and the experimental results obtained. It can be seen that the differences are in the range of 1˚C to 2˚C over the full range of spindle speeds. It should be mentioned that the main goal of the simulation model is to be fast and efficient and should give first approximation only during an early stage of spindle design. It should not be accurate as a FEM or other simulation software programs, which are much more complex and time consuming.
Simulations under Speed Variations
Internal heat generation and heat flow is strongly speed-dependent. Figure 18 shows the temperature developed in the spindle housing outer surface, oA T , oB T , oC T , oD T , at the sections shown in Figure 10 . The results can be achieved only by simulation because the spindle and bearings speed limit is 7000 rpm.
The temperature profiles in Figure 19 identify the temperatures le T in the ball bearings' point of contact with the outer and inner rings. These contact points show the highest temperature within the spindle system. H at the bearing outer ring due to the frictional moments between the bearing balls and the bearing outer ring. According to the developed model and as mentioned in the literature [6] , it is assumed that part of the heat generated in the contact flows into the bearing ring and another part flows into the bearing ball. Figure 21 shows the temperature profile along points of interest along the spindle shaft axis, as shown in Figure 6 , for various spindle rotational speeds. . Simulated temperature at 6 points along the spindle shaft axis. T tail , T ir1 , T ir2 , T if1 , T if2 , T tip over spindle speeds spectrum from 2.000 to 7.000 rpm.
Conclusions
The theoretical and experimental investigations of the heat transfer mechanism in the externally driven grinding spindle have enabled the following conclusions.
1) The use of the bearing heat generation terms in each model, bearing model, spindle model and housing model enabled investigation of the thermal behavior of the entire spindle system under the effect of the main source of heat generation: the bearings' friction.
2) Experimental investigation of the heat transfer in the spindle system and the machine elements adjacent to the spindle allows obtaining the data needed for better understanding the heat generation and flux due to the bearing friction.
3) The simplifying assumptions of the method presented in this study are mainly the one-dimensional heat flow approximations, simplified housing geometry, external drive motor, excluding the cutting process heat and excluding cutting process loads. These spindle-housing approximations are acceptable since the most important temperature predictions are those within the bearings. 4) Using the models presented, the temperature field can be numerically found for most spindle-housing configurations in a fast and efficient manner. The simulated and validated temperature fields can be used for numerical simulations of spindles thermal expansion and machine elements adjacent to the spindle, as well as for machine tool precision prediction during the development process. .
